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Integrating nano-scale objects, such as single molecules or carbon nanotubes, into impedance
transformers and performing radio-frequency measurements allows for high time-resolution trans-
port measurements with improved signal-to-noise ratios. The realization of such transformers imple-
mented with superconducting transmission lines for the 2-10 GHz frequency range is presented here.
Controlled electromigration of an integrated gold break junction is used to characterize a 6 GHz
impedance matching device. The real part of the RF impedance of the break junction extracted
from microwave reflectometry at a maximum bandwidth of 45 MHz of the matching circuit is in
good agreement with the measured direct current resistance.
Research into three-terminal single molecule devices
has made substantial progress in the past decade. Not
only their feasibility was demonstrated but also phenom-
ena such as the Kondo Effect [1–3], single spin effects
[4] and orbital gating [5] were observed. The large re-
sistances of such devices (20 kΩ to GΩ) together with
the stray capacitances of the wiring create a low-pass
filter for measurement signals with a bandwidth in the
kHz range, placing an upper bound on the attainable
time resolution. This limitation can be overcome by in-
tegrating the device into a radio-frequency (RF) resonant
circuit, transforming the device impedance to 50 Ω and
measuring the reflected electromagnetic wave. Increasing
the bandwidth of transport measurements in nano-scale
objects not only allows reducing the time an individual
measurement requires, but also allows the investigation of
transport dynamics using time-resolved measurements.
Pioneered in the RF single electron transistor [6], this
method has also been applied to time-resolved electron
counting and charge sensing using both quantum point
contacts [7–9] and quantum dots [10], as well as displace-
ment detection using an atomic point contact [11].
The simplest resonant circuit for such an application is
the L-section [12] of two reactive components, for exam-
ple a series inductor shunted by a capacitor, which can be
implemented either with lumped or distributed elements.
While lumped element implementations are usually easy
to realize at frequencies up to several 100s of MHz, or
even in the 1-2 GHz range using on-chip superconduct-
ing inductors [13, 14], they suffer from parasitic capaci-
tances, limiting both the maximum operating frequency
and the maximum load which can be transformed to 50
Ω. Distributed element resonant circuits, implemented
in, for example, Rapid Single Flux Quantum devices [15]
and sub-mm wave receivers [16], offer higher operating
frequencies and less parasitic effects, especially if the ob-
ject of interest can be integrated into the matching circuit
on chip, as is possible with devices based, for example,
on carbon nanotubes, semiconductor nanowires, or single
molecules. With this approach, parasitic effects can be
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minimized and compensated for in the design. Operating
frequencies in the 2-10 GHz range can be realized, allow-
ing the use of measurement techniques developed in the
context of circuit quantum electrodynamics [17] and for
quantum limited amplifiers [18, 19].
Following this paradigm, this paper presents dis-
tributed element impedance transformers into which a
gold break junction has been integrated. Using the con-
trolled electromigration [20] of the break junction to re-
alize a variable load, measured RF spectra of the device
at different break junction resistances are presented and
it is shown that a simple equivalent model yields quan-
titative agreement between the measured direct current
(DC) resistance and RF impedance of the break junction.
The presented resonant circuits consist of two lengths
of transmission line connected in parallel, one terminated
by the load, the other one by an open circuit (Fig. 1 (a)
dashed box), a configuration referred to as a single-stub
shunt tuning circuit [12, 21], or stub tuner. This circuit
makes use of the fact that a piece of transmission line
transforms the impedance of an attached load, depend-
ing on the length of the line. Starting with a design load
Zd, also referred to as matched load, a length of trans-
mission line d (upper transmission line in Fig. 1 (a)) is
chosen such that the admittance of the combined line and
load is of the form Y = 1/Z0+iB, with Z0 the character-
istic impedance of the transmission line and B a suscep-
tance. By shunting the line at this length d with an open
transmission line of length l (lower transmission line in
Fig. 1 (a)) and admittance −iB, the susceptances cancel
leaving a combined impedance of Z0, matching the feed
line. If the load impedance is changed from the design
load Zd, the reflection coefficient S11 does also change,
allowing the load to be inferred from a measurement of
the reflection coefficient. In a lumped element approxi-
mation, the transmission line of length d acts as a series
capacitor, while the shunt line acts as a shunt inductor.
To achieve this behavior, d is chosen to be shorter than
λ/4, while l is chosen to be longer than λ/4, with both
lengths approaching λ/4 in the limit of large Zd.
A simple model of the circuit impedance ZTotal, from
which S11 can be calculated, is given by the parallel sum
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FIG. 1. (a) Schematic of the circuit (dashed box) and setup:
The break junction (BJ) is connected to a transmission line of
length d, which is shunted by a line of length l, with parasitic
inductances L from the T-junction and capacitances C1 and
C2 at the ends of the transmission line. A bias-tee allows DC
biasing of the junction using a source-measure-unit (SMU).
A directional coupler (DiCo) allows the measurement of the
reflection coefficient using a vector-network analyzer (VNA).
(b) Optical microscope image of the described device. The
input port (left) splits into the upper transmission line to
which the break junction (black rectangle) is connected and
the open stub (lower line). Airbridges are used to connect
the groundplanes at the T-junction. (c) Image of the break
junction showing the end of the transmission line, the contact
pads (gold rectangles), and the break junction (gold-red line).
(d) SEM Image of the break junction. The wire is 70 nm wide.
of the impedances presented by each line:
ZTotal = Z0
(
tanh(γl) +
Z0 + ZLoad tanh(γd)
ZLoad + Z0 tanh(γd)
)−1
where γ = α + iβ is the propagation constant, with α
representing the attenuation constant and β the phase
constant of the transmission line. Using this model and
numerical optimization, the necessary lengths for a cho-
sen matched load can be obtained. Practically, the maxi-
mum matched load is limited by the attenuation constant
of the transmission lines and the fabrication accuracy.
While the losses extracted from coplanar resonator mea-
surements [22] allow matching in the GΩ range at 6 GHz
and 100 mK, our current fabrication tolerances limit the
realizable range to a Zd of 1-10 MΩ. Care needs to be
taken to include parasitic effects, both stray capacitances
at the end of the lines, as well as stray inductances at the
T-junction, as both of these effects modify the effective
lengths of the transmission lines [23].
The presented devices are realized in 150 nm thick nio-
bium coplanar waveguides on a 500 µm thick sapphire
substrate [23]. Starting with a commercially coated 2"
wafer, the transmission lines are patterned using pho-
tolithography and reactive ion etching (Fig. 1 b). To en-
sure good electrical contact between the niobium film and
the break junctions fabricated in a subsequent step, con-
tact pads are first defined via photolithography, argon-
ion etched to remove any oxide, and metalized with 5 nm
titanium and 50 nm gold deposited using evaporation at
an 8◦ angle while rotating the substrate at 20◦/s (bright
gold pads in Fig. 1 (c)). The 20 nm thick gold break
junctions are patterned by electron beam lithography and
lift-off and are 70-100 nm wide at their most narrow point
(Fig. 1 (d)). To suppress spurious modes of the coplanar
transmission lines, 250 nm aluminum / 250 nm titanium
bilayer airbridges are positioned at the T-junctions in
a two-step photo-lithography and lift-off process. After
dicing the wafer, the chips with four stub tuners each are
cleaned with NMP/Acetone/IPA/O2 plasma, mounted
in an RF printed circuit board and wire bonded.
The measurement setup consists of a hermetically
sealed copper sample holder box, to which two copies
of the same circuit are attached, a bias-tee for apply-
ing DC bias followed by a directional coupler to apply
a microwave tone and measure the reflection coefficient
(Fig. 1 (a)). These components are mounted at the end
of a dip-stick, allowing immersion in liquid helium, and
are connected to a room-temperature feed-through via
twisted pairs and semi-rigid coaxial cables. For DC mea-
surements, a source-measure-unit is used in a 4 point con-
figuration up to the bias-tee, yielding a systematic error
of less than 1 Ω for resistance measurements. RF mea-
surements are performed with a vector network analyzer
(VNA), at a source power of -25 dBm and an IF band-
width of 1 kHz. A short/open/load/thru calibration was
performed for the flexible SMA coax lines connecting the
VNA to the dipstick. Both instruments are controlled
using custom software.
To characterize the devices with a variable load, the
resistance of the integrated break junction is controlled
by electromigration [20], and RF reflection spectra are
taken for different resistance values. A simple feedback
algorithm is used to control the electromigration by eval-
uating the change in resistance with respect to a reference
resistance. This proceeds as follows: An initial refer-
ence resistance is measured at the start of the migration
procedure, followed by ramping up the applied voltage
at 5 mV/s. During this ramp, the resistance is moni-
tored and compared to the reference resistance. Once a
given threshold is reached, in the presented case a 5 %
change, the voltage is reduced by 30 mV, a new refer-
ence resistance is taken and the voltage ramp is applied
again. This feedback method allows a controlled migra-
tion of the junction. At selected resistance values, the
bias is reduced to 10 mV, a value at which effectively
no migration occurs, an RF spectrum is taken and the
algorithm restarted. This method allows controllable mi-
gration into the regime where quantized conductance is
observed. It is even possible to migrate the junction to
a single conductance quantum G0, a resistance of 12.9
345.2 MHz
HaL
HbL HcL
Νr
16 W
384 W
1016 W
3710 W
11885 W
5.95 6.05 6.15 6.25
Frequency @GHzD
-20
-15
-10
-5
0
ÈS11
È@dB
D
0 4 8 12
RBJ @kWD
-12
-8
-4
0
ÈS11
HΝ RL
È@dB
D
0 4 8 12
RBJ @kWD
0
4
8
12
Z
B
J
@kWD
FIG. 2. (a) Reflectance spectra |S11| taken at different re-
sistances of the break junction, the spectra are offset by 1.5
dB each for better visibility. The fit extracting the electri-
cal parameters of the circuit is shown by the solid line, the
fits for determining the RF impedance of the break junction
are shown as dashed lines. (b) The measured reflection co-
efficient |S11| (blue dots) plotted vs. the measured DC re-
sistance at νr = 6.085 GHz. The dotted line represents the
reflection coefficient calculated using the extracted parame-
ters. (c) Extracted RF impedance ZBJ plotted vs. measured
DC resistance RBJ, the dashed line indicates ZBJ = RBJ .
kΩ, which is the signature of a single gold atom bridg-
ing the gap [24]. Further voltage ramps can be used to
break the junction, yielding two electrodes separated by
a nm-spaced gap with a tunneling resistance in the GΩ
range.
To account for the microwave response of the setup it-
self and extract the reflection coefficient S11 of the device
only, the measured spectra are calibrated by subtracting
a constant background. This background is obtained as
the difference between the first measurement taken at a
resistance of 16 Ω and the expected curve given by the
model using the measured DC resistance.
Several designs with different matched loads were fab-
ricated and measured and the results of a device with
a design matched load of one G0 are presented here.
Furthermore, undercoupled λ/2 coplanar waveguide res-
onators were fabricated on the same wafer for an inde-
pendent measurement of both attenuation and phase con-
stant of the transmission lines. A set of |S11| spectra for
different measured DC resistances RBJ of the break junc-
tion are shown in Fig. 2 (a). At low RBJ, the circuit is
out of resonance and fully reflects the incoming wave.
As RBJ increases, the reflectivity decreases and starts to
form a resonance, which becomes more pronounced as the
load approaches the matched load. At a load resistance
of of 12 kΩ, closest to the matched load, a bandwidth of
45.2 MHz is extracted.
The resonant circuit is characterized by the electrical
lengths d and l as well as the loss factor α. The parasitic
elements shown in Fig. 1 (a) are modeled as variations in
electrical length. As a reference, these three parameters
are extracted from a fit to the measured spectrum for the
largest insertion loss using the value of RBJ measured at
DC (gray curve and solid line in Fig. 2 (a)). For all
remaining measurements at other values of RBJ we de-
termine the RF impedance ZBJ of the break junction for
each measured spectrum from a fit using the fixed set of
parameters determined from the reference measurement
(dashed lines in Fig. 2 (a)). This allows us to char-
acterize how well the model describes the actual device
characteristics.
Using the described calibration method and model, the
electrical lengths, not taking into account parasitic ef-
fects, were determined to be l = 5300.8 ± 0.2 µm and
d = 4853.4 ± 0.2 µm, close to the design values of l =
5268.4 µm and d = 4852.4 µm. The extracted atten-
uation constant is α = 0.050, comparable to the value
extracted from the resonator measurement of α = 0.023.
Part of the deviation from the expected values is due to
the influence of the parasitic elements mentioned before,
while another part is due to impedance mismatches in
the setup causing reflections, which are not taken into
account in the calibration procedure. Using these ex-
tracted lengths, the resonance frequency νr of the device
was determined to be 6.085 GHz, with a bandwidth of
37.5 MHZ at a matched load of 29.3 kΩ. Both the par-
asitic inductance L ≈ 2 pH of the T-junction and the
parasitic capacitance C2 ≈ 1 fF of the break junction
was approximately determined from measurements of a
similar device with less bandwidth.
As shown in Fig. 2 (a), the fit of the model to the
data shows good agreement, both for the fit extracting
the characteristic parameters (solid line) as well as the
fits from which the RF impedance ZBJ of the break junc-
tion is extracted (dashed lines). The measured reflection
coefficient |S11| at νr also shows good agreement com-
pared with the calculated values using the model and
extracted lengths, as shown in Fig. 2 (b). To further
characterize the properties of the device and its descrip-
tion by the model, we plot the fitted RF impedance ZBJ
vs. the measured DC resistance RBJ in Fig. 2 (c). This
also yields good quantitative agreement, showing the ex-
pected equivalence between RBJ and ZBJ measured at
DC and extracted from RF reflectometry. The small de-
viations in the 4-8 kΩ range can be attributed to the
inaccuracies in the calibration.
An upper bound for the attainable time resolution of a
reflectometry measurement is set by the maximum band
width of the employed impedance matching circuit. To
which degree this upper bound can be approached, de-
pends on the nature of the signal to be investigated and
the signal to noise ratio achievable with a given signal
4strength and amplification chain. If the signal of interest
can be reproduced a large number times, such as in many
circuit QED experiments, e.g. Ref. [25], the full band-
width of the circuit can be exploited by repeating the
measurement to achieve the wanted signal to noise ratio.
For random signals, the time resolution is typically lim-
ited by the noise added by the amplification chain, such
that the full bandwidth of the circuit may not be reached
at the desired signal to noise ratio, as for example in elec-
tron counting experiments [26]. Using quantum limited
parametric amplifiers [18, 19] may enable approaching
the maximum temporal resolution possible with a given
matching circuit.
In conclusion we have realized a superconducting
impedance matching circuit implemented with dis-
tributed elements and characterized it using an inte-
grated gold break junction. The measured reflectance
spectra for different resistances of the junction are de-
scribed by an equivalent circuit with good agreement be-
tween model and measurement. Furthermore we have ex-
tracted the real part of the impedance of the break junc-
tion from an RF measurement and find good agreement
with the measured DC resistance. The device demon-
strated here may be used for time-resolved reflectometry
measurements performed on nano-scale objects such as
break junctions or single molecule devices.
The authors would like to thank Peter Leek, Andreas
Alt and the Staff at FIRST for technical support.
[1] J. Park, A. N. Pasupathy, J. I. Goldsmith, C. Chang,
Y. Yaish, J. R. Petta, M. Rinkoski, J. P. Sethna, H. D.
Abruna, P. L. McEuen, and D. C. Ralph, Nature 417,
722 (2002).
[2] W. Liang, M. P. Shores, M. Bockrath, J. R. Long, and
H. Park, Nature 417, 725 (2002).
[3] N. Roch, S. Florens, V. Bouchiat, W. Wernsdorfer, and
F. Balestro, Nature 453, 633 (2008).
[4] J. E. Grose, E. S. Tam, C. Timm, M. Scheloske, B. Ulgut,
J. J. Parks, H. D. Abruna, W. Harneit, and D. C. Ralph,
Nature Materials 7, 884 (2008).
[5] H. Song, Y. Kim, Y. H. Jang, H. Jeong, M. A. Reed, and
T. Lee, Nature 462, 1039 (2009).
[6] R. J. Schoelkopf, P. Wahlgren, A. A. Kozhevnikov,
P. Delsing, and D. E. Prober, Science 280, 1238 (1998).
[7] H. Qin and D. A. Williams, Applied Physics Letters 88,
203506 (2006).
[8] M. C. Cassidy, A. S. Dzurak, R. G. Clark, K. D. Peters-
son, I. Farrer, D. A. Ritchie, and C. G. Smith, Applied
Physics Letters 91, 222104 (2007).
[9] D. J. Reilly, C. M. Marcus, M. P. Hanson, and A. C.
Gossard, Applied Physics Letters 91, 162101 (2007).
[10] C. Barthel, M. Kjærgaard, J. Medford, M. Stopa, C. M.
Marcus, M. P. Hanson, and A. C. Gossard, Phys. Rev.
B 81, 161308 (2010).
[11] N. E. Flowers-Jacobs, D. R. Schmidt, and K. W. Lehn-
ert, Phys. Rev. Lett. 98, 096804 (2007).
[12] D. M. Pozar, Microwave Engineering, 3rd ed. (John Wi-
ley & Sons, Inc., New York, 2005).
[13] W. W. Xue, B. Davis, F. Pan, J. Stettenheim, T. J.
Gilheart, A. J. Rimberg, and Z. Ji, Applied Physics Let-
ters 91, 093511 (2007).
[14] K. Fong and K. Schwab, “Ultra-sensitive and wide band-
width thermal measurements of graphene at low temper-
atures,” arXiv:1202.5737 (2012).
[15] V. Michal, S. Bouat, J.-C. Villegier, and J. Sedlacek,
in Radioelektronika, 2009. RADIOELEKTRONIKA ’09.
19th International Conference (2009) pp. 161 –164.
[16] V. P. Koshelets and S. V. Shitov, Superconductor Sci-
ence and Technology 13, R53 (2000).
[17] A. Wallraff, D. I. Schuster, A. Blais, L. Frunzio, R. S.
Huang, J. Majer, S. Kumar, S. M. Girvin, and R. J.
Schoelkopf, Nature 431, 162 (2004).
[18] N. Bergeal, F. Schackert, M. Metcalfe, R. Vijay, V. E.
Manucharyan, L. Frunzio, D. E. Prober, R. J. Schoelkopf,
S. M. Girvin, and M. H. Devoret, Nature 465, 64 (2010).
[19] M. A. Castellanos-Beltran and K. W. Lehnert, Applied
Physics Letters 91, 083509 (2007).
[20] H. Park, A. K. L. Lim, A. P. Alivisatos, J. Park, and
P. L. McEuen, Applied Physics Letters 75, 301 (1999).
[21] S. Hellmu¨ller, M. Pikulski, T. Mu¨ller, B. Ku¨ng,
G. Puebla-Hellmann, A. Wallraff, M. Beck, K. Ensslin,
and T. Ihn, “Optimization of sample chip design for stub-
matched radio-frequency reflectometry measurements,”
arXiv:1206:1785 (2012).
[22] M. Goppl, A. Fragner, M. Baur, R. Bianchetti, S. Fil-
ipp, J. M. Fink, P. J. Leek, G. Puebla, L. Steffen, and
A. Wallraff, Journal of Applied Physics 104, 113904
(2008).
[23] R. N. Simons, Coplanar waveguide circuits, components
and systems, edited by K. Chang, Wiley Series in Mi-
crowave and Optical Engineerging (John Wiley & Sons,
Inc., New York, 2001).
[24] E. Scheer, P. Joyez, D. Esteve, C. Urbina, and M. H.
Devoret, Physical Review Letters 78, 3535 (1997).
[25] D. Bozyigit, C. Lang, L. Steffen, J. M. Fink, C. Eich-
ler, M. Baur, R. Bianchetti, P. J. Leek, S. Filipp, M. P.
da Silva, A. Blais, and A. Wallraff, Nature Physics 7,
154 (2011).
[26] S. Gustavsson, R. Leturcq, B. Simovicˇ, R. Schleser,
T. Ihn, P. Studerus, K. Ensslin, D. C. Driscoll, and A. C.
Gossard, Physical Review Letters 96, 076605 (2006).
